In this work, ZnO nanostructure thin films were deposited with two different thicknesses (300 and 600 nm) on Poly Propylene Carbonate (PPC) substrates by using RF Magnetron sputtering technique in order to fabricate ZnO gas sensor for NO 2 gas. The structural and morphological properties of the deposited films were studied by X-ray diffraction (XRD) and Atomic Force Microscopy (AFM). XRD spectra of the films showed mainly the ZnO (002) diffraction peaks at 2 = 34.35 o and 34.25 o with full width at half maximum (FWHM) of 0.44 o and 0.34 o , respectively. AFM images showed that the minimum grain size of the films was 78.98 nm and 92.44 nm for thicknesses of 300 and 600 nm respectively. It was found that the maximum sensitivity value for NO 2 gas was about 63% and 42% for 300 nm and 600 nm thickness, respectively.
INTRODUCTION
The attention of scientists and researchers began with studying semiconductors since the early nineteenth century because of its unique electrical properties; semiconductors behave as insulating materials at low temperatures, while showing electrical good conductivity at high temperatures, as well as provide significantly nature [1] .
One of the most important semiconductors are so-called "Transparent Conductive Oxide" (TCO), which is a semiconductor compound composed of metal with oxygen such as (ZnO, SnO 2 , In 2 O 3 ).
Zinc Oxide (ZnO) is one of the compound semiconductors of the II-VI family (because zinc and oxygen belong to the second and sixth groups of the periodic table, respectively,) with a direct band gap of 3.37 eV at room temperature, and a large excitation binding energy (60 meV). It has a stable wurtzite structure with lattice spacing a = 0.325 nm and c = 0.521 nm. ZnO is low cost and easy to manufacture [2] .
ZnO thin films have been deposited on different substrates such as quartz, silicon, glass, sapphire, GaAs, fluorite, mica, GaN, Al 2 O 3 , diamond, NaCl, and InP [3, 4] by using different techniques such as radio-frequency magnetron sputtering (RFMS), pulse laser deposition (PLD), molecular beam epitaxy (MBE), metal-organic chemical vapor deposition (MOCVD), spray pyrolysis and Sol-Gel [5, 6] . However, plastic substrates have also been used as they have many advantages such as lightweight and small size compared with the above-mentioned substrates [7] .
The preparation of ZnO thin film on flexible substrates such as plastic has so far received much interest due to its wide variety of applications as in flexible sensors and curved detector arrays. Plastic substrates provide lighter, more resistant to damage, flexible, and durable devices [4] ; these attributes make them suitable for portable devices, which can be used in digital cameras, cell phones and remote control [8] . The substrate materials, that are commonly used for the above applications, include polycarbonate (PC), polyarylate (PAR), polyestersulfone (PES), polyimide (PI), polyethylene terephthalate (PET), polyolefin, polytetrafluoroethylene (Teflon), thermoplastic polymethyl methacrylate (Perpex, Plexiglas), polyethylene naphthalate, and cellulose triacetate. Consequently, these plastic types show several advantages over glass substrates [9] . Poly Propylene Carbonate (PPC) is another type of plastics, which is used in this work as a substrate for deposition ZnO thin films. The PPC has been selected as a substrate because it is not only cheap, but has low chemical reactivity. In addition, it also has a high dielectric strength over wide frequencies and high surface resistivity; these properties are attractive for PPC to serve as a good substrate for a variety of microelectronic applications [1] .
Semiconductor Gas Sensors
Recently, gas sensing, as a typical application in intelligent systems, is receiving increasing attention in both industry and academic levels. Gas sensing technology has become more important because of its extensive and common applications in the following areas:
(1) Industrial production (e.g., methane detection in mines) [10] .
(2) Automotive industry (e.g., detection of polluting gases from transport (car, bus, etc.) [11] .
(3) Medical applications (e.g., electronic noses simulating the human sense of smell system) [12] . (4) Indoor air quality supervision (e.g., detection of carbon monoxide) [13] .
(5) Environmental studies (e.g., greenhouse gas monitoring) [14] . As is well known, even at very low concentrations, toxic gases are very dangerous to human health [15] . Semiconductor oxide-as gas sensors are classified according to the direction of the conductance change due to the exposure to decreasing gases as n-type (conductance heightens, such as In 2 O 3 , ZnO and SnO 2 ) or p-type (conductance decreases, such as CuO and NiO). This classification by the nature of the dominant charge carriers at the dominant charge carriers at the surface that is electrons or holes [16] .
ZnO has high sensitivity to toxic and combustible gases. It is sensitive to many gases at moderate temperatures, especially towards ethanol vapor [17] and also it is found to be useful for the development of oxygen gas sensors [18] . Environmentally hazardous gases can be separated into two groups based on their oxidizing and reducing effects, NO 2 , NO, N 2 O and CO 2 gases are oxidizing while H 2 S, CO, NH 3 , CH 4 and SO 2 gases are reducing. When metal oxide surfaces are exposed to oxidizing gas such as NO 2 , NO, N 2 O and CO 2 , these gases react with the adsorbed O-ions and adsorb directly on the metal oxide surface. The oxidizing reactions between metal oxide and these oxidizing gases follow the given reaction paths [19, 20] : Figure 1 schematically shows the structural and band model of conductive mechanism upon exposure to reference gas with or without NO 2 . The adsorption of O-is very interesting step in metal oxide gas sensor, because the O-ions assist the adsorbed oxidizing ions to take the electrons from the metal oxide surface. The concentration of the electrons on the surface of metal oxide decreases and the resistance of n-type metal oxide layer increases accordingly. In contrast, the resistance of p-type metal oxide surface decreases because extracted electrons result in generation of holes in valence band [21] . In this work, we report the deposition of ZnO nanostructure on PPC plastic substrates with thickness of 600 nm by using RF magnetron sputtering technique and fabrication of ZnO-based gas sensor for NO 2 gas. The crystallinity and surface morphology of ZnO nanostructure will be determined by using XRD and AFM. The sensing properties also will be presented.
EXPERIMENTAL PROCESS
ZnO thin films were prepared on PPC plastic substrates with 2×1 cm 2 areas by RF magnetron sputtering system using Zinc oxide target of 99.99% purity. Before starting deposition, the plastic substrates were cleaned thoroughly. The cleaning procedure started by immersing PPC sheets in a detergent and cleaner solution to remove any oil or dust that might be found on their surface and then they were rinsed with distilled water for 15 minutes. After that, they were immersed in a pure acetone solution, which reacts with contamination such as grease and some oxides, this process is fulfilled accurately by rewashing the substrates in the ultrasonic bath for 15 minutes; after that they were dried by N2 path.
The substrates and the prepared target were fixed in the chamber of magnetron sputtering system. The base pressure of the deposition chamber was kept at 6×10 −5 Torr. Argon (Ar) (99.999%) gas was supplied as working gas through mass-flow controller and introduced into the chamber.
The deposited film thickness was measured by using the optical interferometer method, which based on the interference of the He-Ne laser (632.8 nm) light beam reflection from thin film surface and substrate bottom. This method is known as Fizeau method. The thickness was determined using the formula [3] :
……… …… ……… ……. …… (1) where x is fringe width, ∆x is the distance between two fringes and is the wavelength of laser light. The structural properties of the deposited film were studied using X-ray diffraction instrument type (SHIMADZU-6000) with a Cu K radiation source (k=1.5406 Å) and the morphological properties of the films surface were studied using AFM (SPM model AA3000 Angstrom Advanced Lns.
Finally, ZnO MSM gas sensor was fabricated by evaporating aluminum foil (Al) as Ohmic contact electrodes on the deposited ZnO thin film using a MSM metal mask as shown in figure 2 , which has the same dimensions of the substrate that was exactly attached and fixed to cover the substrate after being cleaned. The vacuum thermal evaporation technique was operated under pressure (10 −5 ) Torr.
FIGURE 2. Schematic drawing of MSM interdigitated mask.
In order to test and measure the sensor sensitivity, NO 2 gas was used. The sensor was mounted on a base inside the chamber; a bias voltage of 5 volts was applied between the two sides of sensor electrodes. Air (without target gas) resistance was measured (R a ), after that the sensor exposed to 50 ppm NO 2 . The gas was pumped into the chamber, leading a change in the sensor resistance which measured as (R g ) (every 10 seconds). The temperature was recorded by a k-type thermocouple (XB 9208B). The bias voltage was supplied by (Farnell E350) power supply. (110) respectively, which is observed for the ZnO thin film with 300 nm thickness and 36.05 o and 54.01 o attributed to the planes (101) and (110) respectively for the ZnO thin film with 600 nm thickness; that confirmed the formation of polycrystalline ZnO. This result is in a good agreement with most of the results reported in the literature, such as [4] . In order to obtain the detailed structure information, the crystallite size along the c-axis was calculated according to Scherrer's formula where is the FWHM (in radians), is the X-ray wavelength (Cu K = 0.154 nm), is the Bragg diffraction angle, and K is a correction factor which was taken as 0.9 [22] . Figure 4 (a and b) shows the surface morphology images of ZnO nanostructure thin films with 300 and 600 nm thickness analyzed by (AFM). AFM micrograph confirms that the grains are densely packed, and uniformly distributed within the scanning area (520 nm × 520 nm). An initial visual realization of the deposited films on PPC plastic substrates has shown that they are compact and have good adherence to the substrate. The surface morphology reveals the nano-crystalline ZnO grains, which combine to make denser films significantly with the increased thickness. From the images, it can be observed that the surfaces of the films exhibited a certain degree of roughness and the film became rougher when the thickness increases. Our results are in agreement with the results reported by Kumar et al [5] . Table 2 summarizes the surface roughness, root mean square (RMS) and grain size measurements for the deposited ZnO nanostructure with 300 nm and 600 nm thicknesses. 
RESULTS AND DISCUSSION
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Sensitivity defined as a change in the resistance of the sensor in the air and during exposure to the gas. To improve the gas-sensing properties, it is necessary to prepare very thin sensing layers with high surface to volume ratio. In the large number of grains, which leads to high porosity and large effective surface area available for adsorption of gas species [22] .
Usually, sensitivity (S) can be calculated as S = (R air -R s ) / R air for reducing gases such as hydrogen, or S = (R s -R air ) / R air for oxidizing gases such as NO 2 , where R a stands for the resistance of gas sensors in the reference gas (usually the air) and R g stands for the resistance in the reference gas containing target gases [7] . The sensitivity of ZnO sensor for NO 2 gas has been calculated according to the following equation [7, 8] Figure 5 (a and b) represents the variation of sensitivity with time of ZnO gas sensors with two different thicknesses (300 and 600 nm) for NO 2 gas. The maximum value of the sensitivity is about 63% and 42% for thin film thicknesses 300 nm and 600 nm respectively which shown in Table 3 . The decreasing in sensitivity with increasing film thickness may due to the effect of the changing in the particle size. Where the sensor samples with small particles having high surface area, which provide more active sites at which the gaseous species adsorb and interact [7] . It was reported that, the sensitivity of any metal oxide semiconductor to a particular gas increases with a decreasing in the size of crystallites due to increase in surface to volume ratio and therefore the reactivity [9] . The crystallite/grain sizes and microstructures of the sensor material affect the gas sensor performance. The response time, which is defined as the time taken for sensor to attain 90% of maximum change in resistance or conductance upon exposure to NO2 gas. While, the time taken by the sensors to get back 90% of original resistance or conductance is defined as the recovery time [23] . The typical change in response with time measurement of the ZnO sensors with thicknesses of (300 nm and 600 nm) respectively is summarized in Table 4 . 
CONCLUSION
In summary, ZnO gas sensor was successfully fabricated on PPC plastic substrate with two different thicknesses 300 nm and 600 nm. The characteristics of ZnO nanostructure thin films were investigated by XRD and AFM. XRD spectra showed that both ZnO thin films had preferential orientation along the c-axis with dominant peak observed at 2 = 34.35 o and 34.25 o with FWHM of 0.44 and 0.34 o , respectively, and AFM images showed that the minimum grain size of the nanostructure was 78.98 nm and 92.44 nm for the films with thicknesses of 300 and 600 nm respectively. It was found that the sensing properties strongly depend on the structural characteristics, especially the surface area and morphology.
For sensing NO 2 gas, the sensitivity decreased from 63% to 42% as the thickness increases from 300 nm to 600 nm respectively. The results showed that the thickness effected strongly on the sensing properties, in addition, it showed that the fabrication of ZnO gas sensor on PPC plastic substrates at room temperature is possible by using RF magnetron sputtering technique.
